Thermal transport properties; effusivity, diffusivity and conductivity, of six silicate glasses in the molten state have been determined in the temperature range between 1073 and 1673 K. The glass sample was melted in a platinum crucible and heated to the desired temperature. Then, a single laser pulse was flashed on the bottom surface of the platinum crucible, and the infrared ray irradiated from the same bottom surface was measured for obtaining the temperature decay from which thermal effusivity of the sample could be estimated in the molten state. Thermal diffusivity and thermal conductivity were also estimated with available values of specific heat capacity and density of the glasses. Thermal transport properties of six glasses were found to slightly depend on temperature.
Introduction
Thermal transport properties, such as thermal diffusivity and thermal conductivity, of glasses in the molten state are of importance in plant design and control of processes for producing glass substrates of an electric circuit and a highresolution display. Rapid progress in computer technology allows us to simulate complicate heat transport phenomena in real systems for fabricating various glasses. In such numerical simulation, the thermal diffusivity and thermal conductivity values of molten glasses are essentially required. However, the available thermal transport properties of glasses in the molten state are very limited because of the experimental difficulties at high temperature, within the best knowledge of the present authors.
A laser flash method is recognized as a versatile technique for measuring thermal diffusivity of various materials. This laser flash method was originally developed for measuring thermal diffusivity of solid sample. 1) A front surface of a disk shaped sample is heated by a laser pulse. The resultant temperature response of the back surface of the disk is measured as a function of time. The measured temperature response curve is used to estimate thermal diffusivity of the sample. Ohta et al. [2] [3] [4] proposed a differential three-layered laser flash technique for obtaining the thermal diffusivity values of molten oxides. However, the differential threelayered laser flash technique is not effective to a high viscous molten sample. One of the difficulties is that the bubble formation and its trapping in glass due to high viscosity prevent us to make the measurement sufficiently reliable and this induces the experimental uncertainty. Degassing the glass sample should be done before measurement. However, it is not an easy task with the previous methods for measuring the thermal diffusivity of the glass with high silicate content since accurate positioning of the complicated cell assembly is not easy with the high viscous molten sample. To overcome these difficulties a simple laser flash technique has been newly developed for measuring thermal effusivity of viscous liquid samples at elevated temperature. 5, 6) This new technique has been also used to determine the thermal conductivity of practical slag formed around a raceway in the working blast furnace.
7)
The main purpose of the present paper is to measure thermal effusivity value, b, of six commercial glasses with high viscosity at elevated temperature by using the laser flash technique. In order to obtain the values of thermal diffusivity and thermal conductivity, the data of density, , and specific heat capacity, C p , are required because the thermal diffusivity value, s is given by s ¼ ðb=C p Þ 2 and the thermal conductivity value, ¼ C p . The values of thermal diffusivity and thermal conductivity of four glasses in the molten state are also estimated since the values of density and specific heat capacity of only four glasses are available.
Experiments
Chemical composition and properties of the glasses are listed in Table 1 . These glasses were supplied by New Glass Forum of JAPAN in the period from 1998 to 2001 for establishments Japanese Industrial Standard of measurement methods of molten glasses. These glasses are also utilized for parts of industrial product except for one, sample denoted by ONRI. The sample ONRI was produced by Osaka National Industrial Research Institute in 1970 as a candidate material for a standard glass in JAPAN. It may be noting that two samples of ONRI and TVP, were also selected as candidate materials; standard material for the round robin test organized by EU.
The newly developed laser flash technique for measuring thermal effusivity of a viscous liquid sample has been described elsewhere in detail. 6) Then, only some essential points of this technique are given below. The schematic diagrams of the platinum cell and the experimental set up employed in this work are shown in Figs. 1 and 2, respectively. The platinum crucible filled with an oxide melt was placed on the alumina pedestal. The size of the crucible was 0.2 mm thick, 5 mm depth and 20 mm diameter. The thickness of a liquid layer was 2-3 mm. The crucible was put in a heating chamber with Kanthal Super heating elements in the argon atmosphere of 0.1 MPa. The bottom surface of the crucible was flashed by a Nd:glass laser. The InSb infrared detector was focused on the bottom surface of the crucible, and the temperature decay of this surface was measured as a function of time. Upper part of the crucible was completely open, so that bubbles were easily released from this side and bubble formation can also be directly observed through the quartz window. The temperature decay, T d ðtÞ, of the bottom surface of the platinum crucible can be given as follows. 6 )
where T 0 is the maximum temperature rise of the temperature response, C d the specific heat capacity, d the density, l d the thickness of platinum plate, and b s the thermal effusivity of sample, respectively. It should be noted here that subscripts of d and s indicate platinum and sample, respectively. Here, time t, is defined as the elapsed time after irradiating a laser pulse. The values of T 0 and h in eq. (1) can be estimated by fitting the measured temperature decay using the nonlinear least square method. The thermal diffusivity value of the sample liquid s is easily obtained from eq. (3) with respect to thermal effusivity b s .
The thermal conductivity is also obtained from the following relation (4).
3. Results and Discussion
Thermal effusivity of molten glass
The temperature decay curves were measured at same temperature of the sample ten times. Then, the ten temperature response curves were accumulated to obtain one temperature curve with a better signal to noise ratio. The temperature response curve is shown in Fig. 3 using the results of MFL at 1073 K as an example. The temperature of the bottom surface of the crucible instantaneously increases by irradiation of a laser pulse and decreases depending on thermal effusivity of the sample. The values of h were obtained by fitting eq. (1) to the measured temperature curves. Open circles denote the values derived from eq. (1) by fitting the equation to the measured temperature response. Then the thermal effusivity values were estimated using eq. (2) . The values of specific heat capacity and density of platinum are required in this calculation. These values are listed in Table 2 in the temperature range between 1073 and 
Sample liquid Laser beam Infrared detector Fig. 1 The schematic diagram of the cell employed in this work. Fig. 2 Schematic diagram of the experimental set up for the laser flash method. 8) and extended to higher temperature by using a linear extrapolation as a function of temperature.
The obtained values of h are shown in Figs. 4 and 5. As shown in Fig. 5 , one anomalous case of sample LE-30 at 1473 K was observed. This anomalous result should be attributed to many small stable bubbles formed in the sample. The bubbles were clearly detected by the direct observation of the sample through the quartz window. The bubble formation of the sample LE-30 were reproductive at the temperature around 1470 K. When the temperature of the sample LE-30 increased above about 1550 K, the bubbles were released. Then, the values of h were back to the normal values. It is rather stressed that the direct observation of the sample through the quartz window is an advantage of the laser flash technique presently used. Hereafter, this anomalous data is not included for further analysis.
The obtained values of thermal effusivity of the glasses are also shown in Fig. 6 . The thermal effusivity values are found to range between 1700 and 2600 J/s 0:5 m K for all glass samples. Temperature dependence of the thermal effusivity of six glasses was not observed.
The inhomogeneity of the laser beam was found one of the most important factors to disturb one-dimensional heat transfer. The uncertainty of h in this work caused by the inhomogeneity of the laser beam by is estimated to be AE1:6%.
6) The error of h by the noise on the temperature response curve could be estimated less than AE0:5%. Compared the error of measured h, errors of the literature values of platinum density, specific heat capacity and measured thickness are negligible small. The overall error of the thermal effusivity, b, is less than AE2:1%. available for four glasses. For four glasses of MFL, SLS, ONRI and TVP, the specific heat capacity values of molten glasses was obtained from the Differential Scanning Calorimeter measurements by Komatsu 9) and the density values was determined by Matsushita 10) using the Archimedes' method. For convenience, these values are shown in Figs. 7  and 8 . The values of thermal diffusivity and thermal conductivity were estimated with eqs. (3) and (4) . The results are given in Figs. 9 and 10 . The values of thermal diffusivity and thermal conductivity are found to be small temperature dependence from 1073 to 1673 K. On the basis of eqs. of (3) and (4) and the errors of density, specific heat capacity and thermal effusivity, the overall errors of the thermal diffusivity and conductivity could be estimated less than AE6%.
Thermal diffusivity and thermal conductivity of molten glass

Effect of convection and radiation
At high temperature, radiative and convective heat transfer may have a significant influence on the thermal conductivity measurement of the silicate glasses. Two approaches are suggested for eliminating such convection effect. Approach 1: Since liquids typically have positive thermal expansion coefficient, it is effective to reduce influence of convection to heat the top surface of the liquid. This technique is usually employed in the conventional laser flash methods.
11) Approach 2: Just after heating of liquid sample at any point, any part of liquid does not immediately move because of its inertia. For this reason, the measurement time less than a few second is usually employed for analyzing the data in hot wire method. 12) In this work, the data within 12 ms after heating, some hundred times less than the hot wire case, is used and thus, the convective heat transfer is considered to be negligible.
To evaluate the radiative effect, the radiative heat flux and conductive heat fluxes are estimated in the vicinity of the bottom of the cell as shown in Fig. 11 . The temperature rise, T, induced by laser irradiation is much smaller than steady state temperature before laser irradiation, T e . The radiative heat flux, q r , in a real process cannot exceed the radiative heat flux from black body. Then, for any given area in Fig. 11 , Stefan-Boltzmann law gives
where n is the refractive index, and the Stefan-Boltzmann constant.
13) The net radiative heat flux q r is proportional to T as shown in eq. (5) . While the conductive heat flux, q c , is proportional to the temperature gradient. Therefore, the conductive heat flux should be dominant immediately after laser irradiation when the temperature gradient in the liquid is steep. Approximately, T is 10 K and n is 1.5 under the present experimental condition. The calculated maximum value of q r is 3:4 Â 10 4 W/m 2 at 1873 K. The total heat flux, q c þ q r , can be estimated from the rate of the measured temperature decrease at the back surface of the platinum cell. The temperature decrease was about 1 K in measuring duration. The total heat flux, q c þ q r , is evaluated from the heat change of the bottom of the platinum cell per unit area per unit time. From the thickness of the cell, 0.2 mm, specific heat capacity and density of platinum, the total heat flux is estimated to be 9:4 Â 10 5 W/m 2 . It is clear that the effect of radiative heat flow is sufficiently small even in the largest case.
Taking into account these points, it could be concluded that both convective and radiative components do not significantly affect the present experimental results.
Summary
Thermal effusivity of six glasses and thermal diffusivity and thermal conductivity of four glasses at elevated temperatures have been successfully determined by using a laser flash technique newly developed in this work. It would be interesting to extend the present results to the efficient evaluation of the validity and the usefulness of a practical system of glass processing. 
